Abstract Little is known about the etiology of intracranial germ cell tumors (iGCTs), although international incidence data suggest that the highest incidence rates occur in Asian countries. In this analysis, we used 1992-2010 data from the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) Program to determine whether rates of iGCT were also high in Asian/Pacific Islanders living in the United States. Frequencies, incidence rates and survival rates were evaluated for the entire cohort and for demographic subgroups based on sex, age category (0-9 and 10-29 years), race (white, black, and Asian/ Pacific Islander), and tumor location (pineal gland vs. other) as sample size permitted. Analyses were conducted using SEER*Stat 8.1.2. We observed a significantly higher incidence rate of iGCT in Asian/Pacific Islanders compared with whites (RR = 2.05, 95 % CI 1.57-2.64, RR = 3.04, 95 % CI 1.75-5.12 for males and females, respectively) in the 10-29 year age group. This difference was observed for tumors located both in the pineal gland and for tumors in other locations. Five-year relative survival differed by demographic and tumor characteristics, although these differences were not observed in comparisons limited to cases treated with radiation. Increased incidence rates of iGCT in individuals of Asian descent in the SEER registry are in agreement with data from the International Agency for Research on Cancer, where Japan and Singapore were among the countries with highest incidence. The increased incidence in individuals of Asian ancestry in the United States suggests that underlying genetic susceptibility may play a role in the etiology of iGCT.
Introduction
Pediatric germ cell tumors (GCTs) are rare and heterogeneous tumors that are grouped together due to their presumed common cell of origin, the primordial germ cell (PGC) [1] . GCTs typically occur in the testes or ovaries; however, abnormal prenatal PGC migration along with lack of apopotosis can result in tumors in extragonadal locations [2] . Of these extragonadal tumors, the central nervous system is the most common location [3] . Little is known about the etiology of intracranial and intraspinal GCTs (iGCTs).
Similar to gonadal GCTs, iGCTs are grouped into two broad classes including germinomas and nongerminomas, with teratomas comprising the majority of the latter group [4] . Germinomas are the most common histologic subtype, accounting for 70-80 % of iGCTs, and the pineal gland is the most common tumor location [5, 6] . Incidence peaks in the second decade of life [3, 7, 8] .
Incidence rates of iGCTs vary greatly by country. Based on data from the International Incidence of Childhood Cancer, countries with the highest incidence of pediatric iGCTs include Japan, Denmark, Singapore, and the United Kingdom for males, and Japan, Italy, Denmark and Singapore for females [9] . The high rates of iGCT in males in Japan and Singapore are in direct contrast to trends in testicular GCT, where Japan and Singapore have lower incidence rates in international comparisons [10] . Inherited genetic variation could lead to this variation in rates of iGCT.
Potential explanations for variation in incidence rates internationally include differing exposure to some as yet undiscovered environmental risk factor, differing frequency of a genetic risk allele, or some combination of these. One potential way to determine if there is underlying genetic susceptibility is to evaluate incidence rates in Asians who have migrated to a different country with lower incidence rates. In this analysis, we evaluated incidence rates (1992-2010) of iGCTs in the United States using data from the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) Program with a specific focus on differences in incidence rates across racial and ethnic groups. We included males and females up to age 29 years in our analysis in order to capture the age range with peak incidence of intracranial GCT.
Materials and methods
Using data from the NCI's SEER Program [11], we analyzed incidence and survival of pediatric and young adult intracranial GCTs in males and females [12, 13] . We used data from the SEER 13 registries, which actively collects information on demographics, tumor site and morphology, stage at diagnosis, treatment, and vital status from thirteen cancer registries in five states (Connecticut, Hawaii, Iowa, New Mexico, and Utah), six metropolitan areas (Atlanta, Detroit, San Francisco-Oakland, Seattle-Puget Sound, Los Angeles, San Jose-Monterey) and two other regions (Rural Georgia and the Alaskan Native Tumor Registry). The SEER 13 registries represent *14 % of the U.S. population [14] with an estimated case ascertainment rate of 98 % [15] . We included first malignancies diagnosed from 1992-2010 among individuals B29 years of age.
We identified iGCTs using International Classification of Disease for Oncology, 3rd edition (ICD-O-3) [16] This analysis used existing data with no personal identifiers; therefore, the study was exempt from review by the University of Minnesota Institutional Review Board.
Statistical analysis
Frequencies and age-adjusted incidence rates during the period 1992-2010 were calculated using SEER*STAT software [18] ; incidence rates were reported as the number of cases per 1,000,000 person-years of follow-up. The U.S. 2000 standard population (age\1, ages 1-4, ages 5-9, ages 10-14, ages 15-19, ages 20-24 and ages 25-29 years) was used in direct age standardization. Rate ratios (RR) were used to compare incidence rates in demographic subgroups.
The life tables method in SEER*Stat [18, 19] was used to calculate five-year relative survival rates and corresponding standard errors. Observed rates included all individuals diagnosed with a first malignancy between 1992 and 2005 who were followed actively through 2010. SEER follow-up rates into 2010 were high for both males and females aged 0-29 years (93 and 91 %, respectively) [14] . Relative survival rates are ratios of observed-toexpected survival and are reported as percentages. The expected rates were based on data from the National Center for Health Statistics and take into account differences in distributions of age, sex, race, and year of diagnosis. Relative rates were adjusted if they exceeded 100 %, increased over time, or involved heterogeneity in withdrawal (exact method).
All analyses were stratified by sex. Incidence and survival were evaluated for the entire cohort and for demographic subgroups based on age category (0-9 and 10-29 years), race (white, black, Asian/Pacific Islander and American Indian/Alaskan Native), and ethnicity (nonHispanic and Hispanic) as sample size permitted. Because reporting of brain tumors to cancer registries in the United States was revised to include non-malignant tumors in 2004 [20] , we also conducted stratified analyses of cases diagnosed before and after 2004 to ensure that our results were not influenced by this reporting change.
Results
From 1992 to 2010, 554 intracranial GCTs were reported in the SEER registry, including 423 in males and 131 in females. Intracranial GCTs accounted for 5.3 % of all GCTs in males and 8.9 % of all GCTs in females ages 0-29 years. Similar to the incidence of GCTs overall, the age-specific incidence of intracranial GCT followed a bimodal distribution, with an initial peak after birth and a second peak during adolescence (Fig. 1 ). There was no significant difference in incidence rates by sex in children ages 0-9 years (RR 0.92, 95 % CI 0.62, 1.37). In contrast, incidence was significantly lower in females compared to males in the 10-29 year age group (0.8 vs. 3.4 per 1,000,000 persons, respectively; RR 0.23, 95 % CI 0.18, 0.29). When we examined incidence in males and females by year of diagnosis, there were no significant changes in incidence rates from 1992 to 2010 in males or females in either age group (data not shown).
We observed significant differences in incidence rates by race and ethnicity in both males and females, although these differences varied by age at diagnosis (Table 1) . Incidence rates were higher in both males and females of Asian/Pacific Islander descent, and these differences were statistically significant in all groups except males ages 0-9 years. Similar to rates for GCTs overall, incidence of iGCTs was significantly lower among black males compared with white males in both age groups, although these analyses were based on small numbers of black males. No difference was observed between black and white females. When we evaluated rates by ethnicity, we observed a significantly lower rate of iGCT among Hispanic compared with white males in the 10-29 year age group. No other differences in rates by ethnicity were observed.
Germinomas were the most common histologic subtype of tumors in males overall and in adolescent females, while germinomas and teratomas were equally common in females ages 0-9 years (Fig. 2) . When we evaluated incidence of iGCTs by tumor location (pineal gland vs. other), we observed different patterns in males and females (Fig. 3) . For males, the pineal gland was the most common location (Fig. 3) . In contrast, iGCTs in the pineal gland were very rare in females. Tumors located in other areas of the CNS were equally frequent in males and females. The higher incidence of iGCT in Asians overall was also observed in the analyses by tumor location and histology (data not shown).
Overall, the majority of iGCTs in the SEER registry were of malignant histology (522/553; 94 %). In the analyses stratified by year of diagnosis, there was no evidence that incidence increased due to the inclusion of benign brain tumors in the years following 2004. The incidence was significantly increased following the 2004 reporting change only in the Asian males ages 0-9 years. Interestingly, this was the one group where we did not see an increased incidence in Asians compared with other groups, although these analyses were based on very small numbers. Incidence rates remained stable in all of the categories before and after the 2004 reporting change. Exclusion of the non-malignant iGCTs did not substantially change the results of any analysis.
Overall, 5-year relative survival is favorable for iGCTs (85.9 %, 95 % CI 81.8, 89.1). Males had higher 5-year relative survival rates than females overall, although this difference was entirely explained by differences in survival in cases not treated with radiation therapy (Table 2 ). Survival was higher for germinoma than for either teratoma or other histology and tumors located in the pineal gland also had a more favorable outcome, although not all differences reached statistical significance. When the comparisons were restricted to patients who received radiation, there were no significant differences in 5-year relative survival by race, sex, or tumor location (data not shown).
Discussion
In this analysis of the SEER Program data from 1992 to 2010, we have shown that incidence and survival rates for iGCTs differ by demographic and tumor characteristics. Of particular interest is the finding that Asians and Pacific Islanders living in the United States have the highest incidence rates, in support of international data indicating that incidence rates are high in Asian countries [9] and an earlier study using the SEER data [21] . We also found differences in tumor location in adolescent and young adult males and females with iGCTs, with tumors of the pineal gland comprising the majority of tumors in males overall and non-pineal gland tumors comprising the majority of tumors in females. Differences in 5-year relative survival were also observed, and may be explained by differences in the percentage of patients who are treated with radiation therapy.
While Japan and Singapore had some of the highest incidence rates of intracranial GCTs based on the international data, few countries had sufficient data available to evaluate incidence rates given the rarity of the tumor and the lack of data for individuals over age 14 years [9] . Few registry based studies have reported incidence rates of iGCTs [3, 6, 22] , making international comparisons difficult. One registry based study including data from Japan and the United States did not find a higher rate of iGCT in Japan (0. [6] ; however, it is likely that there is considerable variation in incidence within Asian countries. In our analysis, we were unable to stratify the Asian/Pacific Islander group to evaluate country specific heterogeneity in incidence rates. Additional studies have reported only the percentage of CNS tumors that are iGCT. Unsurprisingly, there is also considerable variation, with percentages ranging from 3 to 5 % in the United States [8] and France [23] to *14 % in Japan [22] and Taiwan [24] . Of additional interest is the fact that previous registry based reports suggest that incidence of gonadal GCTs is also higher in Asians in the pediatric age group, both living in the United States [25, 26] and in Asia [9] . The biological mechanisms that would explain this increased incidence only for GCTs in the pediatric age group is intriguing and warrants further investigation. The higher incidence of iGCT in males overall is largely explained by the higher incidence of tumors in the pineal gland, also reported in a previous study [8] , but the explanation in not clear. The higher incidence of gonadal GCTs in males is thought to be due to the more limited number of germ cells in females in the mature ovaries [27, 28] ; however, this is unlikely to explain the higher incidence of iGCTs in males. The primary function of the pineal gland is the production of melatonin, although several other hormones are also produced. Of note, disruption of the circadian rhythm through shift work has been classified as a probable carcinogen [29] , with a recent meta-analysis suggesting that higher 6-sulfatoxymelatonin levels were associated with a modest decrease in risk of breast cancer [30] . The pineal gland plays a well-established role in puberty [31, 32] , with evidence that melatonin levels are involved in the timing of puberty [33, 34] . Given the peak incidence of iGCTs during puberty, it is possible that changing hormone levels in the pineal gland during puberty are triggering the growth of germ cells that aberrantly migrated to the pineal gland during early development. One pineal hormone, 5-methyoxytryptophol (ML), increases significantly in males but decreases in females during puberty [35] , suggesting that this may be a good candidate for further investigation [29, 30] . Clinical presentation of iGCT varies depending on tumor location and common symptoms include headache, nausea and vomiting, and hydrocephalus [4, 36, 37] . Other more rare symptoms have also been reported, including seizures and other psychiatric symptoms [36, 38] . Autoimmune encephalitis (AE) is a paraneoplastic event characterized by abnormal behavior, seizures, and movement disorders [39] [40] [41] [42] [43] ; a number of case reports find AE in conjunction with ovarian teratoma [44] [45] [46] [47] [48] . We note with interest that 30 % of AE patients in a recent registry based study in California were Asian/Pacific Islander [49] . This high frequency of AE in Asians and the co-occurrence with GCT in case reports is intriguing. While published studies have reported only ovarian teratomas, it is possible that AE could be triggered by PGCs abnormally present in the cranio-spatial axis prior to GCT diagnosis. It will be of interest to determine whether a diagnosis of AE precedes iGCT. The role of the immune system is likely to differ in iGCT compared with TGCT given that the testis is an immune privileged site [50, 51] while the CNS has tightly regulated interactions with the immune system [52, 53] .
Five year relative survival rates for patients with iGCTs are lower than rates for GCTs in other locations [25] but are higher than rates for pediatric CNS overall [13, 54] . Previous reports have documented the improved survival rates associated with radiation therapy in iGCT [8, 55] . Delayed diagnosis has been reported in iGCT, although outcomes are typically favorable even in children with disseminated disease [4, 36, 38] . We observed lower survival for females with iGCTs compared with males, which may be explained by the lower percentage of female cases treated with radiation therapy (80 % in males vs. 63 % in females). Reasons for not undergoing therapy are not included in the SEER database so we were unable to evaluate the underlying reasons for treatment differences. A previous study of data from the United States National Cancer Database also reported lower survival in female iGCT patients compared to males [6] , although the frequency of radiation therapy was not reported. We also observed lower survival rates in Asian males compared with white males. Potential explanations for this finding include the higher incidence of tumors of non-germinoma histology, the higher incidence of tumors located outside the pineal gland, or differences in treatment patterns. The number of tumors in the SEER database is not sufficient to distinguish between these potential hypotheses.
The SEER dataset has many strengths, including a high rate of case ascertainment and high quality data. However; limitations must also be considered. The SEER 13 registries provide population-based ascertainment of cancer cases for approximately 14 % of the US population. Differences in demographic characteristics [56] and cancer incidence rates [57] may exist in the 86 % of the population not covered by the SEER 13 registries. The small numbers in some analyses, particularly for analyses in females, is also a limitation as unstable estimates caused by small cells could lead to spurious findings. In summary, we report higher rates of iGCT in Asians/ Pacific Islanders living in the United States using population-based incidence data from the SEER program. These data are in agreement with data from the International Incidence of Childhood Cancer Vol II [9] , and persisted across demographic and tumor characteristics. The explanation for these rate differences has not yet been investigated; however, the increased incidence in individuals of Asian ancestry in the United States suggests that underlying genetic susceptibility may play an important role in the etiology of iGCT.
